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The current trend in Solid Oxide Fuel Cell (SOFC) development is for a lowering of the operation temperature from ~ 1000°C to 
temperatures as low as 600°C. This lowering of temperature is beneficial in a number of ways. It relaxes the stringent materials 
requirements for cell components, particularly, the interconnect, and for the balance of plant. One adverse consequence of the 
lower temperatures is a slowing. Of the electrode kinetics, particularly, at the cathode (air electrode). It is thus necessary to have a 
thorough understanding of the processes occuring at the cathode to aid material selection and optimisation for low operating tem-
peratures. 
The majority of the cathode materials use at present, are based on mixed conducting, acceptor (A) doped, rare-earth (Ln) transition 
metal (T) perovskite oxides with the general formula. Ln-^ ^A^TOg +5. Examples of these materials include Laj_^Sr^ Mn03_^g 
La-^ _^Sr^ Co03 +g etc. The performance of these electrodes can be linked to their microsturcture, and to the kinetics of oxygen exchan-
ge and diffusion. In order to model the behaviour of such materials as cathodes. We have undertaken a systematic study of the 
kinetics of the oxygen exchange process using the isotope exchange depth profiling method (lEDP) employing Secondary Ion Mass 
Spectrometry (SIMS). Oxygen self diffusion and surface exchange data are presented for a number of perovskite cathode compo-
sitions, in particular the effect of increasing the acceptor dopant level are explored together with the effect of changing the rare 
earth and transition metal cations. 
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Nuevas tendencias en electrodos cerámicos para SOFC's 
La tendencia actual en el desarrollo de células de combustible de Electrolitos sólidos (Solid Oxide Fuel Cell SOFC) es hacia la dis-
minución de la temperatura de operación desde ~1000°C hacia temperaturas tan bajas como 600°C. Esta disminución en tempera-
tura es beneficiosa en varios sentidos, de reducir los requerimientos restrictivos de los materiales en los componentes de la célu-
la, particularmente la interconexión, y para el balance de la planta. Una consecuencia adversa a la reducción de las temperaturas 
es la disminución de la cinética de los electrodos, particularmente de el cátodo (electrodo de aire). Esto hace necesario un conoci-
miento profundo de los procesos que ocurren en el cátodo para ayudar en la selección de materiales y en la optimización de las 
temperaturas de operación. 
La mayoría de los materiales utilizados como cátodos están basados en compuestos de conducción mixta, dopantes aceptores (A), 
tierras raras (Ln), metales de transición (T), de óxidos con estructura perovskita de formulación general Ln-j_^A^T03+5. Ejemplos de 
estos materiales incluyen La .^^ Sr^ Mn03^5 ,La^_^Sr^Co03+5, etc. El comportamiento de estos electrodos puede relacionarse con su 
microestructura, y la cinética de intercambios de oxígeno y difusión. Con el objeto de modelizar la conducta de tales materiales 
como cátodos, hemos desarrollado un estudio sistemático de la cinética de los procesos de intercambios de oxígeno utilizando el 
método de perfil profundo de intercambio de isótopo (lEDP) y espectrometría de masa de iones secundarios (SIMS), 
La autodifusión de oxígeno y los datos de intercambio en superficie se presentan para un número de composiciones tipo perovs-
kita para cátodos, en particular, el efecto del aumento del nivel de dopantes aceptores se presenta junto con el efecto de cambio de 
las tierras raras y los metales de transición. 
Palabras clave: electrodos cerámicos, pilas de combustible de electrolitos sólidos, espectrometría ade masa de iones secundarios. 
1. INTRODUCTION 
The Solid Oxide Fuel Cell (SOFC) has undergone many 
years of development since the first device was demonstrated 
by Baur and Preiss (1). Much of the early work was aimed at 
a fuel cell system for large scale power production, based on a 
stabilised zirconia electrolyte, operating at a high temperature 
(1000°C) in conjunction with a coal gassification plant. The 
application ''niche'' for the SOFC has changed considerably 
over the years with natural gas now being the favoured fuel. 
There has also been a trend towards the development of much 
smaller units, from a few MW for power generation as part of 
a combined cycle gas turbine system, to units of a few kW for 
domestic combined heat and power. In parallel with these 
changes has come a recognition that the operating temperatu-
re of the device needs to be lowered in order to minimise the 
stringent requirements placed on the balance of plant at the 
high temperatures of operation. This has lead to the develop-
ment of intermediate and low temperature SOFC concepts. 
One major limitation of these low temperature devices is that, 
coincident with the materials requirements being relaxed, a 
lowering of the temperature also brings with it a slowing of 
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the electrode kinetics, particularly at the cathode (2). It has 
thus become necessary to have a greater understanding of the 
electrochemical processes involved in the operation of a fuel 
cell cathode, and in particular the gas solid reactions involved, 
in order to optimise cathode performance. 
Modern SOFC cathodes are porous ceramic structures fabri-
cated from perovskite oxides with high electronic conductivi-
ties. In many instances in the literature they are referred to as 
Mixed Electronic and Ionic Conductors (MEIC's) although the 
extent of the ionic conductivity can vary enormously. 
Examples are La-^_^Sr^Mn03+g (LSM) used with yttria stabili-
sed zirconia (YSZ) in the high temperature SOFC and 
La^_^Sr^Co^ Fe 03_g (LSCF) used with gadolinia doped ceria 
(CGO) in the intermediate and low temperature devices. 
These materials are normally acceptor doped on the A site to 
enhance the required electrical properties. 
The porous cathodes function in a very complex manner. 
Kleitz and Pettibon (3) classify SOFC cathodes into two main 
types: 
Triple Phase Boundary (TPB) electrodes where the material 
is a poor ionic conductor and the electrochemical reactions are 
limited to the region close to the linear boundary between the 
electrode, electrolyte and the gas phase. 
Internal Diffusion (ID) electrodes, where the cathode mate-
rial is a good mixed conductor with a high ionic conducti-
vity, and exchange of oxygen occurs at the electrode surface 
with diffusion of oxygen ions through the mixed conductor. 
Figure 1 shows the distinguishing features of these electrode 
types. 
For both types of electrode materials the microstructure of 
the cathode is a very important factor in determining perfor-
mance. The influence of the cathode microstructure has been 
demonstrated by a number of authors, perhaps most recently 
by Sasaki et al (4), who investigated the effects of sintering 
temperature on Lag g^Srg i^MnO^^^ cathodes on a Zr02 8 mole 
% Y2O3 electrolyte. They found a strong correlation between 
the observed microstructural parameters and both the ohmic 
and non-ohmic losses observed. The origin of the ohmic los-
ses is assigned to the inhomogeneous distribution of current 
density in the electrolyte due to the restricted contact between 
the electrolyte and the electrode. The non-ohmic losses are 
essentially due to a reduction in the triple phase boundary 
length with increasing density of the cathode. 
The second important factor is the level of ionic conducti-
vity in the material and the effect this has on the operation of 
the cathode. In order to investigate this contribution we must 
look at the defect structure of these perovskites and its rela-
tionship to the oxygen transport parameters. This will be dis-
cussed in the following sections, however it must be pointed 
out that although the microstructural and oxygen transport 
requirements may be necessary for the electrochemistry, the 
cathode materials must meet some other requirements which 
are equally as important. First of all they must be thermody-
namically stable in contact with the electrolyte material in 
order to avoid the formation of any insulating reaction pro-
ducts at the cathode-electrolyte interface between the two 
materials. To date this has been more of a problem for the 
high temperature couple of YSZ/LSM where the formation of 
insulating phases such as La2Zr207 and SrZr03 has been 
observed (5). The solution to this problem has been to make 
the LSM A-site deficient, e.g. (La^_^Sr^)^ Mn03+g, to suppress 
the formation of these reaction products. In addition to ther-
modynamic stability, the cathode material must be thermo-
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Fig. 1. Schematic diagram of a cathode structure of (a) Triple Phase 
Boundary (TPB) type and (b) Internal Diffusion (ID) type. 
mechanically compatible with the electrolyte, i.e. have a simi-
lar expansion coefficient, so that stresses are not built up 
during the fabrication process or during the operation and 
thermal cycling of the devices. These topics are outside the 
scope of this article, the main aim here is to explore the defect 
chemistry and oxygen transport characteristics of these catho-
de materials and relate this to the cathode operating characte-
ristics. 
2. OXYGEN STOICHIOMETRY AND OXYGEN 
TRANSPORT 
Of great interest for cathode materials is the way in which 
they exchange oxygen from the surrounding ambient gas, 
and the way in which that oxygen is transported in the bulk 
of the material. These properties are defined by two parame-
ters, the surface exchange coefficient k and the oxygen tracer 
diffusion coefficient D, both of which can be measured by a 
variety of isotopic and electrochemical methods. The tracer 
diffusion coefficient is well understood, and an atomistic 
interpretation of this parameter is given in the following sec-
tion, however much less is known about the surface exchan-
ge coefficient. 
2.1. The Oxygen Tracer Diffusion Coefficient 
The oxygen tracer diffusion coefficient, D, can be derived in 
terms of atomistic parameters from random walk theory. 
D = -f(l-c)a^v,Qxp- AG, RT [1] 
Where z is the number of equivalent near neighbour sites, f is 
called the correlation factor and represents the deviation from 
randomness (== 1), (1-c) represents the fraction of unoccupied 
equivalent sites and can be replaced by [V^"] the oxygen 
vacancy concentration, expressed as a site fraction, aQ is the 
distance between equivalent sites. 
v^exp RT 
is a characteristic lattice frequency and is the jump frequency 
for the migrating ion. 
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Defining the term y as; 
then. 
D^rWMyo^M- RT 
Defining D^ as the vacancy diffusion coefficient i.e. 
Dy = r^o n exp- kT 
Thus the oxygen tracer diffusion coefficient becomes; 
One final word about the measurement of the diffusion 
coefficients in these mixed conducting materials. There are 
[2] many electrochemical methods whereby various diffusion 
coefficients can be extracted from ceramic samples. In the 
main, data obtained using these methods must be treated with 
some circumspection because there are many sources of possi-
ble error, particularly with porous samples when gas diffusion 
[3] down pores can occur. Sunde et al (7) have recently pointed 
out some of these effects when using the potential step met-
hod. By far the most direct method of measurement is the use 
of isotope exchange followed by SIMS depth profiling, as des-
cribed in our earlier publications (8,9), often known as the 
[4] Isotope Exchange Depth Profiling technique (lEDP). The 
majority of the data included in this review was obtained 
using the lEDP/SIMS method. 
D = [V^]D^ [5] 2.2. The Surface Exchange Coefficient 
At this point it is instructive to examine both components of 
this equation and the likely contribution to the tracer diffusion 
coefficient for these perovskite materials. Mizusaki (6) has 
shown that data for D^, the vacancy diffusivity, shows remar-
kably little variation for a number of perovskite materials. 
Figure 2 shows the experimentally determined vacancy diffu-
sion coefficients as a function of temperature. The experimen-
tal spread shown in figure 2 is remarkably small, for example 
at any given temperature the spread in the vacancy diffusivity 
barely covers half an order of magnitude. Thus, to a first 
approximation, the isothermal vacancy diffusion coefficient 
can be assumed to be constant for all these perovskites and the 
oxygen tracer diffusion coefficient is principally determined 
by the vacancy concentration. Hence, a knowledge of the 
nonstoichiometry is essential to understand the transport pro-
cesses involved in these oxides. 
The surface exchange coefficient is a measure of the neutral 
oxygen exchange flux crossing the surface of the oxide, at 
equilibrium, as described by the following reaction (10). 
2 2 0 [6] 
This flux will be dependent upon the surface vacancy con-
centration, the surface electron concentration, and the disso-
ciation rate of the dioxygen molecule, however, at present, 
the rate limiting step has yet to be identified. Kilner et al (11) 
have derived a simple relationship for the surface exchange 
coefficient in terms of the bulk and surface vacancy concen-
trations, in an attempt to explain the apparent correlation 
found between the activation enthalpy for the surface 
exchange coefficient and the diffusion coefficient, in a num-
ber of La based perovskites. This relationship is given 
below; 
-4.5 
-6.0 H 
10"^  r^/K"^ 
Fig. 2. Oxygen vacancy diffusion coefficients D^ for a number of La based 
perovskite compositions, as a function of reciprocal temperature. Data from 
Mizusaki et al (6). 
'[V' , exp ~ RT m 
Where aQ is the cubic unit cell parameter, m is the number of 
oxygen sites per unit cell and [V^"] is the vacancy concentra-
tion. Vg and AGg are respectively the frequency and free 
energy for the exchange process. Thus the surface exchange 
coefficient, like the tracer diffusion coefficient, is strongly 
dependent upon the vacancy concentration. Adler et al (12) 
have also arrived at a similar relationship for k, by considera-
tion of the a.c. electrode behaviour of symmetrical cells with a 
''double'' cathode structure. As mentioned above, the exact 
mechanisms of oxygen surface exchange remain elusive, 
however the vacancy concentration is clearly a very important 
parameter. 
On a more practical level the influence of the surface 
exchange on cathode performance has been recently emphasi-
sed by both Adler et al. (12) and Steele (13). They have both 
stressed the importance of a characteristic length L^ defined as 
the ratio of the two parameters D/k. This length is the chan-
geover point at which the permeation flux of oxygen through 
a thin mixed conducting membrane (such as a cathode) chan-
ges from being hmited by diffusion in the membrane to being 
limited by the surface exchange process. Figure 3 shows a 
series of calculated permeation fluxes for a variety of perovs-
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B 10-^  La^ g SIQ ^COQ 2FeQ gOj^ 
LaQ gCaQ ^COQ 2FeQ gOg,^  
Lao.5Sro.5Mn03^ 
10-1 10-3 10-2 10-1 
Membrane Thickness / cm 
Fig. 3. Calculated oxygen permeation fluxes through mixed conducting 
membranes as a function of membrane thickness. Conditions used for calcu-
lation, 800°C and a P02 ratio of 1000. 
kites under a set P02 gradient at 800°C. A changeover from a 
diffusion limited flux to a surface limited flux of oxygen takes 
place at a certain thickness (L )^ for all the oxides shown, except 
LaQ S^rQ 5Mn03_§, which remains diffusion limited over all the 
range calculated. This D /k relationship has an important bea-
ring in defining the limiting mechanism operative in any 
given cathode structure and later we will examine this rela-
tionship for a number of cathode compositions. 
2.3. Defect chemistry of the mixed conducting perovskites 
A large number of different materials display the properties 
necessary for MEIC's however by far the most interesting for 
use as cathode structures are the perovskites with lanthanum 
on the A-site, a transition metal on the B-site and acceptor 
doped on the A-site, usually with strontium. One of the main 
features of these mixed conducting perovskites is that they 
show a large range of stoichiometry which can vary from 
hypostoichiometric to hyperstoichiometric. This will alter 
both the electrical conductivity and the oxygen exchange and 
transport properties. To understand the oxygen transport 
properties we will first look at the theoretical defect structure 
of these mixed conducting perovskites and then compare the 
predicted behaviour with experiment. 
2.3.1. DEFECT EQUILIBRIA 
The defect structure of these materials is far from simple 
with a number of coincident defect equilibria contributing 
to the observed behaviour. First we must consider the 
intrinsic defect processes for a hypothetical mixed conduc-
tor Fa|_^Sr^B03+§, ^ ^ i c h undergoes Schottky disorder 
together with intrinsic electronic disorder. 
"0"^VLa+VB+^V¿ 
"0"-^e +h' 
[8] 
[9] 
Equation [9] can also be viewed as the dissociation of the 
effectively neutral B cation (+3) into two charge states (+2 and 
2BT> —^BT>-\-BZ [10] 
For perovskites with variable valent B cations the redox pro-
cesses which occur in the lattice must also be taken into 
account. Oxidation of the lattice can lead to oxygen excess 
material in which cation vacancies form (14). 
^ 0 2 + 6 ^ 1 ^ 30¿ +VLa +VB +6BB [11] 
In this oxygen excess region the formation of cation vacan-
cies will have the effect of strongly decreasing the oxygen 
vacancy concentration through the Schottky equilibrium. 
Compensation of the acceptor can occur either by electronic 
or by a vacancy mechanism, or perhaps more importantly for 
these materials, by a combination of the two. 
ISrO + }C02-^2Bß ^ ISr^^ + 30J + IB^ [12] 
2SrO~^2Srjr^-v20o^Vo [13] 
" IM ~ 
Via + 3 
I I I ~ 
VB -\- Sr'la + BB = 2 Vo + BB 
The resulting neutrahty condition then contains all the pos-
sible defect species 
[14] 
In order to construct a Brouwer diagram to depict the rela-
tive concentration of these defects with P02, it is necessary to 
define a series of approximations to the full neutrality condi-
tion. The first of these corresponds to a region (R I) where 
5 > 0 where the material is hyperstoichiometric. 
[15] 
This is followed by a stoichiometric region (RII) where the 
material acts as a controlled valence semiconductor and 5 = 0. 
Ml 
+ 3 
I I I ~ 
VB = BB 
Sr La B B [16] 
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One of the most important features of these materials is that 
the compensation of the acceptor does not change abruptly 
from electronic to vacancy compensation, but there is an 
extensive region in which the compensation is mixed. Here 
the material is hypostoichiometric, ô now becomes negative 
and lies between 0 and -x/2, where x is the concentration of 
the acceptor (R III). 
[17] 
Finally there is a region (RIV) where the material is vacancy 
compensated and the value of Ô is fixed at Ô = -x/2. 
I V III II 
Sria = 2 _^o'j + BB 
Sr La 'O [18] 
A Brouwer diagram based on these approximations is 
shown in figure 4. If this defect analysis is correct, then the 
nonstoichiometry isotherm at any given temperature should 
have a characteristic shape with plateaus present at ô = 0 and 
ô = x/2. 
Nonstoichiometry data for three acceptor doped perovski-
tes with the B cations, Mn, Fe and Co is shown in figure 5 as 
a function of P02 at 1000°C (15,16). It is clear that the man-
ganite is hyperstoichiometric (ô > 0) at high Po2's (P02 « 1), 
even though it is acceptor doped. As the P02 is lowered, the 
manganite shows a plateau corresponding to RII behaviour, 
i.e. 5 = 0. This behaviour implies that, even for quite heavily 
acceptor doped material, the oxygen vacancy concentration 
will be very low indeed. The manganite material shown in 
figure 5 does not become hypostoichiometric (RIII, Ô < 0) 
until oxygen partial pressures approaching 10'^^ atm. are 
reached. Thus, under normal SOFC cathode operating con-
ditions, the manganite materials are expected to have low 
vacancy concentrations and consequently low oxygen self 
diffusivities. A more extensive set of nonstoichiometery isot-
herms for the manganite compositions has been published 
by Tagawa et al (17). 
In comparison to the manganite, the cobaltite and ferrite are 
seen to be in the mixed compensation region (RIII) at high 
Po2's, where the value of Ô lies between 0 and -x/2. Thus 
fairly high oxygen vacancy concentrations, and consequently 
oxygen diffusivities, are to be expected under normal catho-
dic conditions. For the ferrite, a plateau is seen at the lower 
Po2's which corresponds to RIV behaviour, indicating that the 
acceptor is vacancy compensated and the material would 
become a predominantly ionic conductor. From these data, 
and the preceding analysis, it is obvious that there are signi-
ficant changes in the defect populations in these acceptor 
doped materials which depend upon; the temperature, oxy-
gen partial pressure and perhaps most importantly, the iden-
tity of the transition metal in the B cation site. We will now 
look at the way in which nonstoichiometry changes affect the 
oxygen transport properties of these oxides. 
n = 2 [ V „ ] 2 [ V o l = 
[Sri:^] 
P = [Sr,:,] 
-2 [Vo] T S r J P = 6[V^'] 
[Vn 
loga 
[Vo>PÍt 
ívo]ocp¿:™ 
[Vo] = [ V o ] ~ 0 [ V o J - 0 
.^^•^ h i 1 
H 
^ 
o„ 
Fig. 4. Brouwer diagram for an acceptor doped ABO^ oxide showing the 
nonstoichiometry, oxygen vacancy concentration and conductivity as a func-
tion of the oxygen partial pressure. 
3.05 
t o 
t*^ 
-20 •15 •10 
»ogiolPo^/i^Ml 
Fig. 5. Nonstoichiometry isotherms for the mixed conductors 
•^^0.8^^0.2^^^3±& ^^0.7^^0.3^^03±& ^^^ ^%.6^^0.4^^'^3±Ö (^5,16). 
3.1. Acceptor Doped Manganites 
3. OXYGEN TRANSPORT DATA 
In the following sections a brief review will be given of the 
transport data for the three main types of mixed conducting 
perovskites, commonly used as cathode materials. 
A compilation of diffusion data for the lanthanum man-
ganites is shown in figure 6 using data obtained using iso-
tope exchange methods and SIMS (18,19,20). There are two 
notable trends in this data. Firstly that the absolute magni-
tude of the diffusion coefficients are small. Even at doping 
Boletín de la Sociedad Española de Cerámica y Vidrio. Vol. 37 Núms. 2-3 Marzo-junio 1998 251 
1100 
Temperature C 
1000 900 800 700 
OS) 
o 
-y -
• 
—, ,— 
Carter et al 0.5 
-10 - V • 
Carter et al 0.35 
DeSouza et al 0.2 
Q \ • DeSouza et al 0,5 
-11 - \ N c \ v 
Q 
B 
Yasudaetal 0.1 
Yasudaetal 0.15 
\ \ v \ V Yasudaetal 0.2 
-12 - O Yasuda et ai 0.5 
-13 -
-14 -
-15 - ^ \ \ v . • 
-16 - T" 1— r 1 1 1 
0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.05 
l/T (1/K) X 10? 
Fig. 6. Oxygen tracer diffusion data for i^^i-x^i^^M^O^^^ materials taken 
from Carter et al (18) De Souza et al (19) and Yasuda et al (20). 
levels as high as 0.5 Sr, and at temperatures as high as 
1100°C, the bulk diffusivity only reaches a maximum value 
of 10'^ *^  cm^sec"^ At temperatures of 700°C the bulk diffusi-
vity is as low as 10'^^ cm^sec"^ and fast diffusion paths, such 
as grain boundaries, have been shown to be active in this 
temperature region (19). Second, there is very little depen-
dence of the diffusivity on the acceptor doping level, for the 
three data sets shown it is very difficult to determine a defi-
nite trend in the data. The activation enthalpy of the diffu-
sion process is high and has a mean value of around 300 
kj/mol. This value is much larger than the 50 to 100 kj /mol 
calculated for the oxygen vacancy migration enthalpy in 
these perovskite materials (21,22), and indicates that other 
contributions to the observed activation enthalpy must be 
significant. 
Contributions to the overall activation enthalpy can arise 
from a number of sources. The important cases to be consi-
dered for these materials are, any oxidation/reduction pro-
cesses which can give rise to a change in the oxygen vacancy 
concentration in the lattice, and the formation of defect asso-
ciates which immobilise the vacancies. This latter case is not 
often invoked in the perovskite materials and is worth furt-
her examination at this point. 
Roosmalen and Cordfunke (23) have proposed the existen-
ce of associates of the form, {Mn'j^j^VQ'*Mn'j^j^}' , in order to 
explain nonstoichiometry isotherms for the undoped manga-
nate materials. It is difficult to see that these associates 
would exist in any numbers in the hyperstoichiometric mate-
rial under discussion here. What is more likely is that asso-
ciates form between the acceptor dopant and the oxygen 
vacancy to give clusters of the type, {Sr^gV^**} or 
'^^La^o'^^La'^ ^^ ^^^^ ^^§^^^ ^^^^^ ^^^^*^^ '^ ^^^^ first type 
of simple acceptor dopant-vacancy pair has been shown to 
be important in determining the vacancy concentration, and 
thus oxygen transport properties, in acceptor doped fluorite 
structure oxides. (21,24). The presence of these associate 
pairs can lead to a "iree" vacancy concentration independent 
of the acceptor concentration, consistent with the observed 
diffusion behaviour. Unfortunately, if it is assumed that 
associates are present this would lead to an association ent-
halpy on the order of 200 kJ/mol, much greater than the 35 
kJ/mol calculated by Cherry et al (22). 
We can estimate the 'Tree'' oxygen vacancy concentration 
in these manganite materials by a simple calculation, using 
equation [5] and the data from figure 2. If we estimate D to 
be 10'^ cm^sec'^ at 1000°C and the oxygen self diffusivity to 
be 10"^ ^ cm^sec"^ at the same temperature, we can calculate 
the vacancy concentration (as a site fraction) to be 10"^. This 
is very low, considering the level of acceptor doping, and 
confirms the finding that the material is in an oxygen excess 
region and that the compensation of the acceptor is electro-
nic. The absolute value of the vacancy concentration is com-
parable to that calculated by van Hassel et al (25) in which 
the formation of associates was not considered, thus it appe-
ars that association is not a major contribution to the activa-
tion enthalpy seen for oxygen tracer diffusion. Very recent 
data by Tagawa et al (26), would indicate that the partial 
molar enthalpy for oxygen in La^_^Sr^Mn03+g materials is 
substantial, thus this is the most likely major contributor to 
the observed activation enthalpy for oxygen tracer diffusion 
is the oxidation reduction process, however further work is 
needed to clarify this observation. 
The surface exchange coefficient for these materials are 
also low, again consistent with a low vacancy concentration. 
For example, at 1000°C the surface exchange coefficient for 
an LaQ 5SrQ 3Mn03^g sample just reaches a value of lO'^cm 
sec'^. This gives an L^ value for these materials of lOOnm at 
1000°C. The value of L^ will change with temperature becau-
se the activation enthalpy for the surface exchange process is 
much lower than that found for the tracer diffusion (11). The 
value of L^ thus decreases further with decreasing tempera-
ture. This combination of a slow bulk diffusion and relati-
vely slow surface exchange means that these materials pri-
marily act as TPB electrodes as has been observed by a num-
ber of authors (12,13,27). 
Steele (13,28) has recently proposed a model for the opera-
tion of a porous LSM cathode in which the interior surfaces 
of the pores act as collectors of oxygen. The oxygen exchan-
ges from the gas phase onto the surface of the cathode mate-
rial and then is transported to the TPB by surface diffusion. 
Provided that surface diffusion is fast, then the flux of oxy-
gen is limited by the surface exchange process. Using values 
of surface exchange coefficient determined by the 
lEDP/SIMS method and making certain simplifying 
assumptions about the microstructure, he was able to show 
that for LaQ gSrQ 2Mn03^g at 1000°C with a 5\xm grain size and 
a cathode thickness of 50|im, reasonable values of the catho-
de parameters, such as the area specific resistance, can be 
obtained. It is also interesting to note that the experimental 
activation enthalpy seen for most porous cathode structures 
is found to be 150-170 kJ/mol (13) slightly higher than the 
139±43 kJ/mol reported by De Souza et al (19) for the surfa-
ce exchange coefficient in LSQ gSrg 2Mn03_g. This value is 
very close to that observed for dense cathode materials at 135 
kJ/mol (29), however it is important to note that all of these 
values are far from the 300 kJ/mol expected if diffusion wit-
hin the cathode is the limiting process, reconfirming the clas-
sification of LSM materials as TPB type. 
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3.2. Acceptor Doped Cobaltites 
There has been quite a range of data published for the 
cobaltite based materials obtained by the SIMS method (30, 
31, 32). One such study (32) was performed with Sm as the 
A cation not with La, however the identity of the A-cation is 
thought to have little effect upon the oxygen transport 
properties (33). The main result of these studies shows a 
very different behaviour to that found for the manganite 
materials. Figure 7 shows the oxygen tracer diffusion coeffi-
cients and figure 8 the surface exchange coefficients for 
Sm|_^Sr^Co03_g. There are several interesting points to note 
here. First the diffusivity for oxygen is strongly dependent 
upon the level of the acceptor dopant, with the high acceptor 
level material showing very fast diffusion of oxygen on the 
order of 10"^ cm^ sec'^ at 1000°C. This is 5 orders of magni-
tude greater than the equivalent diffusivity for the mangani-
te materials. Second, the activation enthalpy for the diffu-
sion process varies strongly with acceptor content, decrea-
sing with increasing dopant concentration. Of note here are 
the L^ values for these cobaltite materials. For example the 
50% Sr doped cobaltite has L^ values which change from 
105 |Lim at 600°C to 320 |im at 900°C. These materials are thus 
able to sustain substantial oxygen fluxes and should act as ID 
type cathodes. 
The marked differences between the manganites and the 
cobaltites can be seen from a study of the solid solutions, 
LaQgSrQ2Mn^ Co 03_g, reported by De Souza et al (19). 
Figure 9 shows both the tracer diffusion coefficient and the 
surface exchange coefficient for these materials at 1000°C as 
a function of the cobalt content at the same acceptor dopant 
level of 20%. As cobalt is added there is a large increase in 
both the exchange and diffusion coefficient confirming the 
observations made above. If D^ is constant, as expected, then 
the plot of the tracer diffusion coefficient reflects the change 
in vacancy concentration, entirely due to the changing the 
nature of the B cation. 
An interesting observation made above was the fact that 
the activation enthalpy for the diffusion process changes 
with the level of the acceptor dopant. This is shown graphi-
cally in figure 10. Included in figure 10 is data from 
Fullarton et al for Sm based cobaltites (32), and La based 
cobaltites from De Souza (19) et al, Ishigaki et al (34,30), and 
Routbort et al (31). The possible causes for this decrease in 
the activation enthalpy for both D and k with dopant con-
centration is worthy of some comments. A decreasing trend 
as seen in figure 10 is unusual. Similar plots of activation 
enthalpy vs dopant content for the acceptor doped fluorites 
show exactly the reverse trend (35) due to the formation of 
defect associates and larger clusters. The change of activa-
tion enthalpy seen for these perovskites has been shown to 
be due to the changes in the oxidative enthalpy for the for-
mation of oxygen vacancies which has a strong decreasing 
dependence upon acceptor content (33). It is interesting to 
note that, for the heavily Sr doped materials the diffusion 
activation enthalpy approaches values of 100 kj/mol, very 
similar to the calculated migration enthalpy for the perovs-
kite oxides mentioned earlier. This again implies that, if 
associates form of the type (or of higher order, as has been 
suggested by Petrov et al (36) for La^_^Sr^Co03_g), then the 
binding energy for these clusters must be small, and their 
effect on the "free'' vacancy concentration negligible. This 
would be in accord with calculations of Cherry et al (22) 
-4 
-6 
-8 H 
55 -10 
-12 H 
fe^ 
• ^ ^ 
" • • • ^ . ^ 
V 
• 
O 
• 
Sr=0.0 
Sr=0.2 
Sr = 0.4 
Sr=0.5 
Sr-0.6 
- 1 4 I I 1 1 I \ 1 1 I I I I I I I I I I I I I I I t I 
0.8 0.9 1.0 1.1 1.2 1.3 
1000/T (K^) 
Fig. 7. Oxygen tracer diffusion Coefficients for Smj_^Sr^CoO^_^ measured by 
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Fig. 8. Oxygen surface exchange coefficients determined for selected compo-
sitions shown in fig. 7. 
who predicted that associates would not form in the cobalti-
te materials. 
Although the cobaltite materials look ideal for use as ID 
electrodes, their applicabihty is limited. They have been 
found to react with YSZ to form insulating layers, and they 
have high thermal expansion coefficients, especially for the 
higher strontium concentrations, which is incompatible with 
CGO electrolytes. One way which has been found to reduce 
the expansion coefficients and retain some of the advantages 
of the cobaltite materials has been to partially replace some 
of the Co with Fe leading to the LSCF group of materials. 
These are discussed briefly below. 
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3.3. Acceptor Doped LSCF's 
There is scant data at present for the LSCF group of mate-
rials. By far the most comprehensive data yet obtained by 
the lEDP method is that of Benson et al (37), for the widely 
used cathode material Lag ^Srg ^COQ 2FeQ g03_g. Figure 11 
shows the oxygen tracer diffusion and surface exchange 
coefficients for these ceramics. The activation enthalpy for 
the diffusion process was found to be 186+5 kj/mol and that 
for surface exchange 105+14 kj/mol. The absolute values for 
the two parameters are intermediate between comparatively 
doped LSM and LSC's. For example the L^ value at the hig-
hest temperature measured of 854°C is on the order of 30jim, 
again this decreases as the temperature is lowered. 
The activation enthalpies seen for LSCF electrodes show 
some variation. For porous electrodes we have reported 
values between 132 and 150 kJ/mol (38,39,40) This may 
reflect the fact that the composition of the electrode can vary 
somewhat, and the formation of A-site deficient material has 
been observed which lowers the electrode resistance and 
activation enthalpy (39). Thin dense electrodes have been 
made by Sirman et al (40) who observe an activation ent-
halpy of 161 kj/mol. These activation enthalpies fall mid-
way between that found for surface exchange and oxygen 
diffusion and could indicate that under cathode operating 
conditions the materials behave in a more complex manner 
than the simple TPB-ID classification and that a more sop-
histicated analysis, of the type described by Adler et al (12), 
is needed 
4. CONCLUSIONS 
The analysis presented here is intended to give some 
understanding of the way in which the detailed defect che-
mistry of the mixed conducting perovskites controls the oxy-
gen transport phenomena in these complex materials. The 
lEDP-SIMS method has been shown to be an invaluable tool 
for the accurate determination of such oxygen transport 
parameters. These oxygen transport properties have, in turn, 
been shown to relate to the operating characteristics of SOFC 
cathodes, however it should be remembered that mass trans-
port phenomena are not the only factors that need to be con-
sidered, for example microstructure has already been men-
tioned as an important factor in the cathode optimisation. 
Key issues that remain to be clarified include, the presence 
(or absence) of defect clustering effects in cathode materials, 
the role of surface diffusion in contributing to the overall 
oxygen flux into the TPB region, and the extension of the TPB 
region onto the electrolyte surface, particularly those modi-
fied either intentionally or from contact with the cathode. It 
is critical to the development of high temperature electro-
chemical devices based on oxide conducting membranes that 
these fundamental issues are solved. The full economic and 
environmental advantages of devices such as the SOFC can 
then be realised. 
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